ABSTRACT: Since fiber reinforced composites are often used in an aggressive environment (bridge decks, drainage pipes etc.), it is necessary to estimate their durability and ability to maintain superior mechanical properties in such conditions. One microscale mechanism that has a dominant influence on achieving desirable mesomechanical behavior, such as multiple cracking, is the fiber-matrix interfacial bond. In the present study, the effect of chloride attack and calcium leaching on the bond properties is experimentally investigated. To this end, a series of tests is performed, in which a single fiber is pulled out of the cementitious matrix under displacement control. The tests are carried out on reference specimens that were kept under room conditions and on specimens that were exposed to accelerated degradation. Both, chemical and frictional bond, are calculated from the measured load-displacement curves, and the effect of environmental exposure on these parameters is clarified.
INTRODUCTION
It is well known that the overall tensile and fracture properties of fiber reinforced cementitious composites (FRCC) can be radically improved when they are capable of multiple cracking. In a uniform tensile stress field, multiple cracking manifests itself by formation of a large number of distributed sub-parallel matrix cracks bridged by fibers. In an overall stress-strain diagram, multiple cracking is associated with so-called pseudo strainhardening -the material is capable to carry increasing stress while cracks form and open. To achieve multiple cracking, a brittle-matrix fibrous composite has to satisfy two criteria formulated on the basis of fracture mechanics [Li92] :
The 'steady state cracking criterion' requires that a matrix crack can eventually grow under constantly applied far field uniaxial tensile stress, as the bridging stress in the middle of the crack becomes equal to the applied stress. To that end, an appropriate balance between sufficiently high fiber bridging stress-transfer capacity and sufficiently low matrix toughness must exist. The 'further cracking criterion' requires that the matrix cracking strength (far field stress at which a throughout matrix crack forms) is lower than the maximum bridging stress (maximum stress that bridging fibers can transfer across the crack). Consequently, additional parallel cracks can form under further loading.
Multiply-cracking FRCCs can be produced by use of continuous fibers (e.g. textile reinforced concrete) or by adding large amounts of short random fibers (e.g. SIFCON [Naa92] , SIMCON [Hac92] ). These methods essentially provide a very strong fiber bridging action, which then leads to satisfaction of the above criteria. On the other hand, they require that special production techniques (e.g. slurry infiltration) are employed.
A more delicate approach has to be adopted when a limited amount of short fibers is used for the sake of facilitating production and processing of the composite. Employing micromechanics, Leung [Leu96] and Kanda and Li [Kan99] expressed the conditions for multiple cracking and pseudo stain-hardening in terms of micromechanical parameters of fiber, matrix and fiber-matrix interface. These parameters included, for example, fiber volume fraction, fiber aspect ratio, fiber Young's modulus, matrix Young's modulus, matrix fracture toughness, initial flaw size, fiber-matrix bond characteristics, etc. Using these criteria, it was possible to optimize the material composition so as to achieve the desired multiple-cracking ability and overall ductility with a relatively small amount of short fibers. To emphasize the use of the rigorous micromechanics-based material design methodology, the materials are called Engineered Cementitious Composites (ECCs) [Li03] . A typical ECC consists of a cementitious matrix with very fine aggregate and contains up to 2% by volume of polyvinyl alcohol (PVA) fibers 12 mm long and 40 m in diameter. Such a composite exhibits an overall tensile strain capacity of up to 4% while maintaining a crack width on the order of tens of m [Wan05] . ECC has been used or its use is seriously planned for repairs of dams (Japan), watertight bridge deck (Japan), sewage lines (Korea), bridge deck repair (USA), ductile strips for elimination of shrinkage and temperature-induced cracking in bridge decks (USA) and others (see www.engineeredcomposites.com). All these applications rely upon the material's high ductility or ability to withstand large deformations while maintaining sub-millimeter crack widths. This property results not only in a good resistance of ECC against penetration of water and other chemicals, but also projects itself into its good adhesion to substrate materials when applied as a cover layer (spalling resistance) [Lim97] . Obviously, in all of the named applications, the durability of ECC materials, understood as their ability to keep the ultraductile performance under severe environmental conditions, is essential.
Since the overall mechanical behavior of ECC materials is closely related to their tailored microstructure, durability of the composite can be estimated when the effects of aggressive environment on mechanical phenomena that take place at the microscale, are known. Among these phenomena, the interaction of a crack-bridging fiber with the adjacent matrix plays one of the dominant roles. In the present study, we experimentally investigate the effects of chloride exposure and calcium leaching on the fiber-matrix interaction by means of singlefiber pullout tests. In the real world, chloride attack usually occurs due to the use of deicing salt for road maintenance or in seashore and marine structures. Leaching can take place in structures exposed to soft water or water containing ions like 
FIBER-MATRIX INTERACTION PHENOMENA
Cracks propagating through a composite intersect fibers. As these cracks open and/or slide, the fibers that bridge them are pulled out of the matrix. This results, first, in fiber debondingpropagation of a tunnel crack along the fiber-matrix interface from the crack surface toward the embedded end. The debonded part of the fiber stretches but its deformation is constrained by friction at the fiber-matrix interface. This process is modeled e.g. by Lin et al. [Lin99] , who derived the relationship between applied force P and displacement for a straight fiber perpendicular to the matrix surface as:
where: E f fiber elastic modulus (Pa) Symbol 0 stands for the fiber displacement at which the debonding tunnel crack has propagated to the fiber embedded end:
where: L e fiber embedment length (m).
After a fiber has completely debonded, it starts to slip out of the matrix. This process is referred to as fiber pullout. For short fibers, the extension of the fiber is very small compared to the slip and therefore, the fiber can be regarded as axially rigid in this phase. The slipping is resisted by the friction acting on the fiber-matrix interface. This friction can either increase or decrease with proceeding pullout, depending on the fiber and matrix material. For such a case, the P-relationship is derived in [Lin99] as:
where: fiber-matrix interface slip-hardening parameter (dimensionless).
Depending on the fiber and matrix micromechanical properties and fiber embedment length, a fiber may eventually be pulled out completely or it can rupture. In short-fiber composites, the former is desirable since it ensures that the fiber bridging capacity is fully utilized.
The phenomena described in the above paragraphs are documented in Fig. 2 .1 and Fig. 2 .2. Fig. 2 .1 shows the graph of the P-relationship according to Eqs. 2.1 through 2.3 with > 0 as well as experimentally obtained P-curves for PVA fibers (d f = 40 m, L e = 2.6 -3 mm) in three types of matrices. Case (a) refers to a matrix consisting purely of cement paste with a w/c ratio of 0.55. Fig. 2.2a shows that the pulled-out portion of the fiber exhibited almost no damage and in fact cement particles remained stuck on it. A necking is clearly visible at the fiber end, which indicates that the fiber eventually ruptured in its exposed part. Due to the rather compact matrix, which ensured a good contact along the interface, this system had strong chemical (G d ) and frictional ( 0 ) bonds as well as interfacial slip hardening. This becomes evident when we compare Fig. 2 .1 and Eqs. 2.1, 2.2, and 2.3. The initial part of the P-curve before debonding starts ( 0) is governed by chemical bond G d . Subsequent hardening is associated with gradual fiber debonding and the response is governed by both frictional bond 0 and G d . After the debonding tunnel crack has propagated to the embedded fiber end (at = 0 ), the load suddenly drops due to the loss of chemical bond. Consequently, fiber pullout takes place at increasing force, which indicates slip-hardening. The P-curve drops to the horizontal axis before has reached the embedment length, which also supports the notion that the fiber prematurely ruptured.
In case (b), the matrix consisted of cement (w/c = 0.85), fly ash and a substantial amount of ground siliceous sand (particles < 300 m). Fig. 2.2b shows that the fiber was severely damaged during pullout. We assume that this happened due to the presence of the sharp and hard sand particles. The pullout part of the P-curve also exhibits a slip-hardening, which results from fiber chips clogging the interface. The fiber also ruptured -notably at much lower force than in case (a), which indicates that the scratches significantly reduced its crosssectional area. The composition of matrix (c) was similar to that of (b), but with higher water content (w/c = 1.11) and finer sand (particles < 125 m). This was a very porous and weak matrix, which provided a mediocre bond to the fiber during both, debonding and pullout phase. Consequently, the fiber was completely pulled out without showing any significant damage (Fig. 2.2c) .
From the viewpoint of the durability of reinforced concrete structures in an aggressive environment, it is necessary to control the crack width so as to remain on the order of 10-100 m. Also, in order to satisfy the criteria for multiple cracking, it is desirable that the fiber force increases with increasing . It follows from the above results and discussion that these requirements are met mainly during the phase of gradual fiber debonding. Thus, in the forthcoming experimental investigation we will pay attention mostly to the two parameters that govern this phenomenon, the bond strengths G d and 0 .
EXPERIMENTAL STUDY

Specimen preparation and treatment
The P-relationship was experimentally investigated in single-fiber pullout tests. We used specimens consisting of a matrix cylinder (27 mm high, 32 mm in diameter) with a single fiber embedded to its top side. A fiber was first attached into a thin tube with wax so that only its part that should be embedded into matrix protruded. The length of this protruding part (typically 2-4 mm) was carefully measured using a video microscope and image analysis by which we obtained the value of L e for each fiber. Next, the tube was fixed to the top of a plastic form, which was consequently filled with fresh matrix mixture. Attention was paid to maintain the filling level at about 3 mm above the protruding fiber to assure that the fiber was not embedded in the surface layer which usually exhibits worse mechanical properties. After the matrix had hardened, the protection tube was carefully removed from the fiber.
The matrix selected for the experiments was based on the standard PVA-ECC type M45 developed at the University of Michigan [Wan05] . However, the water/cement ratio was increased to achieve sufficient workability when components (cement, fly ash) available in the Czech Republic were used. The mix proportions are listed in Table 3 .1. A total of 120 specimens were cast in one day. After hardening in molds at room temperature and humidity for 24-28 days, 30 pieces were kept under the same conditions as reference (Oseries), 30 were exposed to chloride attack (S-series) and 60 to calcium leaching (N3-series and N6-series, 30 samples each). The treatment conditions were designed to simulate the exposition of real structures in an accelerated manner. Chloride attack was modeled by 10 cycles of 5-days immersion in a saturated solution of NaCl at 20 o C and 2-days drying in an oven at 50 o C (except for the first and the last cycles, which were 1 day shorter, each). Leaching was preformed by immersing the samples into 3 mol/l (N3-series) and 6 mol/l (N6-series) water solution of NH 4 NO 3 at room temperature for 70 days. By using 6 mol/l solution, the natural leaching by pure water is accelerated by the factor of 300 [Con04] . After the chemical exposure, the specimens were left covered under room conditions for about one month before being tested.
Specimen testing
Fiber pullout tests were performed in the electromechanical loading machine MTS Alliance RT/30. The machine was fitted with a 10 N load cell attached to the crosshead and an axial extensometer. The samples were attached to the machine clamps by a metal rod embedded in the bottom side. Upon adjusting the crosshead distance, a fiber was attached to the load cell by adhesive tape and fine clamp (to avoid stress concentration). The experimental setup is shown in Fig. 3 .1. The tests were performed under displacement control. Force, crosshead displacement and extensometer displacement were continuously monitored and recorded. Fig. 3 .2 contains all valid P-curves measured in the experiments. The embedment lengths for all displayed fibers ranged from 1.7 to 3.5 mm. The figures are included to disclose some Setup of fiber pullout experiment general trends of the P-behavior. Fig. 3 .2a shows that the reference samples exhibited significant chemical and frictional bond during the debonding phase. During pullout, the response of about one half of the fibers was softening while the rest showed hardening. However, hardening usually ended by a sudden drop in force. It is a subject of further investigation whether the fibers ruptured or whether the failure occurred in the matrix or fiber/matrix interface. Fig. 3 .2b indicates that, after cycles of immersion in salt solution and drying, the fibers maintained some chemical and frictional bond, even though the ultimate force levels attained at the end of debonding seem somewhat lower. The pullout had generally a softening tendency, but the decrease in force was less steep than in the case of unexposed samples. We speculate that this was a result of soft salt crystals that grew on the fiber/matrix interface and provided better contact. Fig. 3 .2c and d show that calcium leaching that resulted from exposure to NH 4 NO 3 caused severe degradation of the bond properties.
Experimental results
Results are quantitatively compared in Table 3 .1. The values of G d were calculated from Eq. 2.1 using P measured at the initiation of the debonding (point at which P-curve starts to deviate from vertical axis), set equal to 0, E f equal to 21.8 GPa, and d f to 40 m. Once G d was known, it was used together with the former parameters to calculate 0 employing Eq. 2.1 in which was set equal to 0 (Eq. 2.2) and P was set to the value of force measured at the end of the debonding phase (the first peak in the P-curve). Despite a considerable scatter of the data, the table clearly shows some general tendencies. Exposure to chloride reduces the chemical bond to less than one half. On the contrary, it improves the frictional bond by almost 25%, which also favorably affects the response in the pullout phase, as we discussed in the previous paragraph. Leaching by nitrate solutions drastically decreases both types of bond. While both tested concentrations caused almost the same reduction of frictional bond, in the case of chemical bond, the 6 mol/l solution caused less deterioration than the 3 mol/l solution. 
CONCLUDING REMARKS
The present paper lays an experimental background for a micromechanics-based study of the durability of fiber-cement composites exposed to an aggressive environment. It was found that both studied types of chemical exposure -chloride attack and calcium leachingsignificantly affect the fiber-matrix interaction. In the former case, the decrease of the chemical bond is to some extent compensated by the improvement of the frictional bond. The latter, however, results in a severe degradation of the bond properties. The measured data will be used in a multiscale framework to predict the mesoscopic mechanical properties of shortfiber ECC composites. However, even without detailed analysis, it appears that the reduction of bond due to leaching is so severe that the composite may loose its ability of multiple cracking and pseudo strain-hardening.
The paper also raised several questions which will be addressed in our future research. These include clarification and verification of the microscopic physical and chemical phenomena responsible for the changes of bond properties due to chemical exposition.
Even though the main attention was paid to short-fiber composites, the authors believe that, since the governing micromechanisms (e.g. fiber debonding, pullout, rupture) as well as the durability issues are common to fibrous composites in general, the presented approaches and findings might serve the textile concrete community as well.
